Background/Aims: Functional recovery in the chronic phase is a difficult problem in intracerebral hemorrhage (ICH) treatment. Long noncoding RNAs (lncRNAs) are demonstrated to be involved in central nervous system (CNS) disorders. However, the roles of lncRNAs in post-ICH injury and repair are poorly understood, especially those that may be attributed to long-term neurological deficit. The present study depicted the lncRNA and messenger RNA (mRNA) profile by microarray at late stage after an experimental ICH. Methods: LncRNA and mRNA microarray was used to first identify differentially expressed genes. Gene ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed to determine bio-functions and signaling pathways, with which differentially expressed genes are most closely related. Quantitative real-time polymerase chain reaction (PCR) was used to validate the results of microarray. Finally, the lncRNA-mRNA co-expression network was constructed to find the interaction of genes. Results: A total of 625 differentially expressed lncRNAs and 826 expressed mRNAs were identified. Altered genes were enriched in mitochondrial matrix, G-protein coupled receptor signaling pathway, and olfactory transduction, which may be associated with ICH-induced pathophysiologic changes in the long term. A co-expression network profile based on 5 validated differentially expressed lncRNAs and 205 interacted mRNAs was composed of 210 nodes and 298 connections. Conclusion: Mitochondrial matrix, reduced G-protein coupled receptor activity, and impaired olfactory transduction may be involved in the sequelae following ICH. Further, these dysregulated lncRNAs and mRNAs may be the promising therapeutic targets to overcome obstacles in functional recovery following ICH.
Introduction
Intracerebral hemorrhage (ICH) is the least treatable and most devastating type of stroke [1] . The 30-day mortality rate after ICH is approximately 40%. In addition, 80% of the survivors are not functionally independent during the first 6 months, remaining significantly long-term disabled [2, 3] .
Early diagnoses, aggressive management of blood pressure, as well as acute hemostatic treatment improve the first aid of ICH [4] . Advancement of surgical evacuation techniques removes clot quickly, effectively prevents hematoma expansion, decreases mass effects, and blocks the release of neuropathic products from hematoma. Mortality in the acute phase decreased significantly as a result [4] . However, these developments neither ameliorate the disability rate markedly, nor improve the long-term life quality of survivors [5, 6] . Thus, functional recovery in the chronic phase has become a tough task in ICH treatment.
Unfortunately, studies of ICH functional recovery in the chronic phase receives much less focus compared with that in the acute phase [7, 8] . The pathophysiologic processes in the chronic phase are still complicated, which may include brain edema, cell death, and cerebral atrophy [9, 10] . Therapeutic strategies that are proved to be effective are sparse [11] . Therefore, exploring strategies to gain better functional independence at this stage after ICH has become promising.
With the recent development of transcriptomics, a group of multifunctional noncoding RNAs (ncRNAs) has drawn our interest. Greater than 90% of the mammalian genome transcribes into ncRNA [12] . Tens of thousands among them are long noncoding RNAs (lncRNAs, >200 nucleotides in length). Although they are not translated into proteins, they actively regulate the expression and function of thousands of protein-encoding genes through various mechanisms [13] . lncRNAs are abundantly expressed in the central nervous system (CNS) [14] . They reside in different neuroanatomical areas, specific cell types, and subcellular compartments, and their expression profile alters in specific circumstances as well as various disease states [15] . For example, lncRNA BACE1-AS is upregluated and involved in the neural network and synaptic disorders in Alzheimer disease [16] . LncRNA HOTAIR and MALAT1 decrease in neuro-oncological diseases to promote cellular proliferation and migration [17, 18] . LncRNA BC088414 is shown to participate in cell apoptosis in ischemic brain damage [19] . The aforementioned evidence highlights the important roles of lncRNAs in CNS disorders. The flow chart of the present study. The differentially expressed genes were determined using lncRNA and mRNA microarray. GO and KEGG analysis were performed to explore the significant pathways and to predict the biological roles of the differentially expressed mRNAs. QRT-PCR was used to validate the results of lncRNA microarray. The co-expression network was used to explore relations between the validated lncRNAs and their related mRNAs. Thus, lncRNAs are involved in multiple and complex pathophysiologic processes in the CNS, including brain development, neural cell fate determinations, synaptic plasticity, cognitive function, and neuroimmunological disorders [14] . These processes are closely related with post-ICH injury and repair. However, the roles of lncRNAs in post-ICH injury and repair have not been well characterized, especially those that may be attributed to long-term recovery. Therefore, to revise lncRNA dysfunction may become a new approach in improving longterm functional recovery after stroke.
Here we reported expression profile of lncRNAs and mRNAs in the chronic phase after ICH, during which most post-injury repair decelerates. A comprehensive list of all significantly ICH-altered lncRNAs at this stage was provided. Differentially expressed lncRNAs and mRNAs were screened by microarray. Afterward, markedly altered mRNA-related biological functions and pathways were determined. Finally, the lncRNA-mRNA co-expression network was analyzed (Fig. 1) . On day 21 following ICH, a large portion of the dysregulated genes had returned to normal; thus, it is at this time point that the remaining abnormal genes may reflect the reason why most patients experience incomplete spontaneous recovery, and this information will help to seek novel effective therapeutic targets against long-term sequelae following ICH [20] . Excitingly, these aberrantly expressed genes closely correlate with olfactory transduction decline according to our Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, and olfactory transduction decline was previously found to be caused mainly by traumatic brain injury [21] .
Materials and Methods

Animal Preparation
Adult male Sprague-Dawley (SD) rats used for the present study were 8 to 9 weeks of age (weighing 180-220 g). These animals were cared for in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH Publication No. 85-23, revised 1996). Animal protocols were approved by the Committee on the Use and Care of Animals of Central South University (201403164). Rats were kept under an identical condition with a room temperature of 25°C and a 12-h light-dark cycle. Animals were allowed free access to water and food.
Animal groups and surgical procedure of ICH Animals were assigned to the sham-operated and ICH groups randomly (randomization of animals referred to Cheng T [22] ). After deep intraperitoneal (IP) anesthesia with pentobarbital (65 mg/kg), the right femoral artery of the rat was catheterized for blood glucose, pH, PaO 2 , PaCO 2 , arterial blood pressure, and hematocrit monitoring. The rectal temperature of the animals was maintained at approximately 37.0°C using a feedback-controlled heating pad. 0.5U collagenase (type Ⅶ) 2.5 μL in 0.9% sterile saline was slowly injected into the right globus pallidus at an even speed in 2 minutes (site: 1.4 mm posterior and 3.2 mm lateral to the bregma, 5.6 mm ventral to the cortical surface) using a 26-gauge needle. After the infusion, the needle was kept in the site for 5 minutes. For the sham-operated group, 2.5 μL 0.9% sterile saline without type Ⅶ collagenase was infused into the same site with the same operation [23, 24] . Animals were euthanized after 21 days of ICH induction, and the brain tissue ipsolateral to the hematoma was obtained for the following detections.
LncRNA and mRNA microarray, gene ontology, and KEGG analysis Total RNA was extracted from the right globus pallidus and purified using the RNasey Mini Kit (Qiagen, USA). Arraystar Rat LncRNA microarrays (v2.0, containing 13611 lncRNAs and 24626 coding transcripts) were used to detect the expression of lncRNAs and mRNAs in total 6 rats (2 groups at 3 replications). The tissue preparations and microarray hybridization were performed using the Agilent Gene Expression Hybridization Kit (Agilent, Technology USA). After washing, the arrays were scanned by Agilent Microarray Scanner and finally were analyzed by Agilent Feature Extraction software (version 10.5.1.1). Differentially expressed transcripts were identified by fold-change screening at a threshold of 1.3-fold or greater, and a p-value < 0.05. Pathway analysis (based on KEGG, http://www.genome.jp/kegg/.) was performed to explore the significant pathways of the differentially expressed genes. Gene ontology (GO) (http://www.geneontology.org.) analysis was performed to determine the biological roles as molecular function, biological process, and cellular component of the aberrantly expressed mRNAs. P<0.05 and fractional disappearance rate (FDR) < 0.05 were used as thresholds to define markedly enriched GO terms/pathways.
Quantitative Real-Time PCR validation and human homologous of the lncRNA identification The remaining portion of the samples for lncRNA microarray was used for quantitative real-time polymerase chain reaction (qRT-PCR) validation. SuperScript III Reverse Transcriptase (Invitrogen, Grand Island, NY, USA) was used to reversely transcribe total RNA into cDNA according to the manufacturer's instructions. Quantitative real-time polymerase chain reaction (qRT-PCR) (Arraystar) was performed using the Applied Biosystems ViiA 7 RT PCR System and 2 × PCR Master Mix. The reaction conditions were set as follows: incubation at 95°C for 10 min, followed by 40 cycles of 95°C for 10 s and 60°C for 1 min. The relative expression levels of lncRNAs were calculated using the 2 −ΔΔ Ct method and were normalized by β-actin (R). The primers of Table 3 . Top 20 significantly downregulated lncRNAs. Seqname: sequence name. P value: P value calculated from unpaired t-test. Fold change: the absolute ratio (no log scale) of normalized intensities between two groups (sham vs ICH). Chr: chromosome number from which the lncRNA is transcribed. Str: the strand of chromosome from which the lncRNA is transcribed; "+" represents the sense strand of the chromosome, and "-" represents the antisense strand of the chromosome. Relationship: intergenic, there are no coding transcripts within 30 kb of the lncRNA; intronic antisense, RNA molecules that are transcribed from the antisense strand without sharing overlapping exons; natural antisense, RNA molecules transcribed from the antisense strand and overlapping in part with well-defined spliced sense or intronless sense RNAs; bidirectional, RNA molecules that are oriented head to head to a coding transcript within 1000 bp; exon sense-overlapping: RNA molecules transcribed from the antisense strand and overlapping with a coding transcript. Sham 1 to 3 and ICH 1 to 3: normalized intensity of each sample (log2 transformed) each gene are listed in Table 1 . The data represent the means of three experiments. Online (https://blast. ncbi.nlm.nih.gov/Blast.cgi) identification of human homologous lncRNA was performed to guarantee the future study can be well duplicated and verified in humans. LncRNA conservation analysis was performed based on "Nucleotide BLAST" in https://blast.ncbi.nlm.nih.gov/Blast.cgi. After entering the lncRNA sequenc, we chose the database named "human genomic+transcript" as a comparison.
LncRNA and mRNA co-expression network
This co-expression network (CNC network) was performed between the validated lncRNAs and their related mRNAs based on the correlation analysis. The Pearson correlation coefficients (PCCs) of lncRNA and mRNA correlation analysis not less than 0.95 were chose to construct the network using Cytoscape software (version 2.8.3, The Cytoscape Consortium, San Diego, CA, USA). Upregulated lncRNAs were represented by a red node; downregulated lncRNAs were represented by a blue node; upregulated mRNAs were represented by a green node; downregulated mRNAs were represented by a yellow node.
Statistics SPSS Statistics (version 13.0; SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Results were expressed as mean ± standard error of the mean (SEM). Differences between the sham-operated group and the ICH group were analyzed using Student's t-test. Spearman correlation analysis was used to detect the relationship between lncRNAs and mRNAs. A P value of <0.05 was regarded as statistically significant. Tables  2 and 3 . XR_349455 and XR_343479 were the most up-and downregulated lncRNA transcript with a fold change of 2.50 and 4.09, respectively. The heat map is shown in Fig. 2a . The volcano plots display the expression profile for all detected lncRNAs (Fig. 3a) .
We also identified a total of 826 differentially expressed mRNAs by using mRNA microarrays with a fold change cut-off of 1.3 (367 upregulated; 459 downregulated, p<0.05) in ICH animals compared with the sham group. The top 20 most significant up-and downregulated mRNAs are shown in Tables 4 and 5 . Cga (ENSRNOT00000012385) and Sgk1 (NM_019232) were the most up-and down regulated mRNA transcripts with the fold change of 14.09 and 1.52, respectively. The heat map is show in Fig. 2b . The volcano plots display the expression profile for all detected mRNAs (Fig. 3b) .
Differentially expressed genes were closely related with mitochondrial matrix and G-protein coupled receptor signaling pathway
The 826 differentially expressed mRNAs underwent GO analyses (http://www.geneontology.org). GO analysis showed that upregulated genes were enriched in mitochondrial ma- (Fig 4a) . While the downregulated genes were enriched in G-protein coupled receptor signaling pathway (ontology: biological process, GO:0007186), plasma membrane (ontology: cellular component, GO:0005886), and G-protein coupled receptor activity (ontology: molecular function, GO:0004930) (Fig 4b) .
Downregulated genes were closely related with olfactory transduction
KEGG pathway analysis found that the upregulated genes were enriched in base excision repair, pyruvate metabolism, and fatty acid degradation. The downregulated genes were enriched in olfactory transduction and phototransduction (Figs. 5, 6 ; see top 10 pathways that targeted genes correlated with in Table 6 ).
The lncRNA expression was validated by RT-qPCR to confirm the results of RNA-seq
To validate the ICH-induced lncRNA expression changes detected by RNA-seq, five aberrantly expressed lncRNAs (XR_340615, XR_351843, XR_597032, XR_597664, and XR_145869) were randomly selected. Their expression was examined using RT-qPCR. A similar expression tendency of lncRNAs across the two methods was confirmed. The results showed by RT-qPCR were similar to those acquired from the RNA-seq (Fig. 7) . Both RNAseq and RT-qPCR showed that the expression of XR_340615, XR_351843, XR_597032, and XR_597664 was up-regulated, and the expression of XR_145869 was downregulated after ICH. The RT-qPCR validation implicated the good reliability and reproducibility of the lncRNA changes determined by RNA-seq (Table 7) .
LncRNA-mRNA co-expression networks with GO and KEGG analysis
We constructed the lncRNA and mRNA co-expression network profiles based on five validated differentially expressed lncRNAs and 205 interacted mRNAs. This co-expression network was composed of 210 nodes and 298 connections. There were 85 positive interactions and 208 negative interactions in the network. The results showed that lncRNA XR_597664 is correlated with 108 mRNAs; lncRNA XR_340615 is correlated with 72 mRNAs; lncRNA XR_351843 is correlated with 88 mRNAs; and lncRNA XR_597032 and XR_145869 are correlated with 22 and 3 mRNAs, respectively ( Fig. 8 and (for all online suppl. material, see www.karger.com/doi/ 10.1159/000487464) Table S1 ). We further performed GO and KEGG analysis based on the results of the co-expression network. GO analysis showed that the targeted mRNAs were enriched in G-protein coupled receptor activity (ontology: molecular function, GO:0004930), and G-protein coupled receptor signaling pathway (ontology: biological process, GO:0007186).
In addition, most of genes were predicted to interplay with olfactory transduction (pathway ID: rno04740) by KEGG analysis (Tables 8 and 9 ). These results implicated that the random lncRNA-sampling showed good representativeness. Table 7 . Sequence similarity of transcript variants of human homologous with rat lncRNAs. Seqname: sequence name; Ensembl accession: the seqname of human lncRNA that compared; Symbol: gene name; Location (chr: start-end, strand): the location in chromosome; Query coverage: the degree of coverage between compared sequence and goal sequence; E value: the homeology reliability of two sequences; Identity: the similarity between compared sequence and goal sequences Fig. 7 . The qRT-PCR validation of five randomly selected lncRNAs. The results showed that the expression levels of the lncRNAs XR_340615, XR_351843, XR_597032, and XR_597664 were upregulated compared with the shamoperated rats. XR_145869 was upregulated compared with the sham-operated rats. The regulation tendency of qRT-PCR was similar to that of lncRNA microarray. 
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In this study, day 21 is selected as a proper and reliable time point to represent recovery of neurological deficit. Numerous studies have demonstrated that following day 14, the recovery slows down as the number of BrdU-positive cells begins to decrease after ischemic brain injury [25] . The number of BrdU-positive cells significantly decrease in the subventricular zone (SVZ) and no remarkable co-localization of BrdU and NeuN is detected in the dentate gyrus (DG) after subarachnoid hemorrhage (SAH) [26] . It has also been demonstrated that the level of Dublecortin (DCX, the marker of new neurons) in DG decreases in ICH animals after this time point [27] . Therefore, depiction of the lncRNA profiles after 21 days following ICH may provide new insights for the pathophysiological alterations of late onset.
Olfactory transduction decline correlates with functional outcome
The interesting finding of our KEGG analysis is that the downregulated genes are most closely related to olfactory transduction with the enrichment scores of 11.46, which is Table 8 . The top 10 GO terms with which validated genes are correlated. P value calculated from significance testing value of the GO ID. Term: the name of gene ontology term. Ontology: the ontology of GO ID belongs to. Count: the number of DE genes associated with the listed GO ID. Fold Enrichment: the value of the GO ID. FDR: the false discovery rate of the GO ID. Enrichment Score: the value of the GO ID, equals to -log10(P value). Gene Ratio: the value genes associated with the GO ID Odor receptor neurons in olfactory epithelium detect odor molecules. The axons of these neurons output olfactory sensation, projecting directly on the olfactory cortex and other cerebral subregions (e.g., basal ganglia, hippocampus) that identify the odor and control relative behaviors [29] . Insult on any element along this pathway will lead to olfactory dysfunction. Intracranial hemorrhage, hematoma and cranial bone fractures by traumatic brain injury (TBI) are found to show a significant correlation with the olfactory loss, from slightly decreased in sense of smell to completely anosmic [21, 29] , which means the olfactory input is interrupted. Although the deduction made is based on TBI-induced olfactory change, we believe that it can shed light on understanding the relation between ICH injury and olfactory dysfunction.
The positive relationship between neurogenesis and neurological function has long been demonstrated [30, 31] . It is demonstrated that olfactory stimulus induces neurogenesis in the reward circuit, including the amygdala, striatum, entorhinal cortex, and hippocampus [28] . Olfactory input deficit by bulbectomy results in decreased neurogenesis [32] . In addition, loss of olfactory stimulus increases cell apoptosis in the piriform cortex and hippocampus [33] . The olfactory bulb is a cerebral structure with the ability of selfrenew. It continually integrates new cells originating from the SVZ via the rostral migratory stream (RMS) throughout life [34] . Neurogenesis in RMS is found to be influenced by odor 
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Cellular Physiology and Biochemistry enrichment. Increased proliferating cells and decreased dying cells in the RMS are detected in rats exposed to an odor-enriched environment. Namely, under ICH-induced olfactory loss, neurogenesis in RMS is suppressed, which greatly impairs the self-renew ability of the olfactory bulb. As a result, olfactory transduction is further negatively influenced. At the same time, cerebral hematoma, edema, and other structural lesions following ICH may act as physical barriers that disturb RMS toward the olfactory bulb [35] . All these factors affect each other and form a vicious circle, badly impacting on olfactory transduction and neurogenesis in the cerebral sub-regions. Therefore, our data may suggest that olfactory transduction decline is correlated with the poor long-term functional outcome after ICH (Fig. 9) . The underlying mechanism will be further addressed by our future work.
Overactive energetic metabolism correlates with functional outcomes GO analysis showed that the top three functions of upregulated genes were associated with the mitochondrial matrix, the response to peptide hormone, and the phagocytic vesicle membrane. Mitochondria plays a central role in cellular energetic metabolism [36] . A high enrichment score on the mitochondrial matrix indicates that the cerebral tissue is still in a state of overactive energetic metabolism. It is demonstrated that there is no marked cerebral blood flow reduction or hypoxia following ICH [37] . Thus, under adequate oxygen supply, one glucose molecule will generate 36 molecules of adenosine triphosphate (ATP) by proton flow via ATP synthase [38] . An increased level of ATP following ICH has been confirmed [39] . A growing number of evidence has shown that ATP is an endogenous factor that directly triggers neuronal death and inflammatory responses [40] [41] [42] [43] , whereas the blocking of ATP receptors significantly alleviates cerebral injury [42] [43] [44] [45] . Moreover, because of its cellimpaired function, ATP is used as a suitable insult to induce brain injury in vivo [40] . The hypothalamic-pituitary-axis response to cerebral insults is always reflected in endocrine alterations. Thus, the level of some peptide hormones is usually considered to be an important predictor of prognosis after ICH. It is found that compared with ICH survivors, the level of growth hormone (GH) is increased 3-fold in patients who died within 30 days, and it is also associated with functional outcomes until 90 days [46] . In addition, a study shows that ascended adrenomedullin concentration is closely related to neurological deterioration and 3-month clinical outcomes of ICH patients [47] . An increased brain natriuretic peptide level is also considered to be an independent predictor for poor neurological function and mortality within 1 month after ICH [48] . Furthermore, it is demonstrated that the ATP level can be elevated by peptide hormones. For example, increased ATP content is observed in GHtransgenic zebrafish [49] . Rats administered with GH had significantly increased ATP [50] . ATP is also generated from mitochondria by estrogen regulation [51] . Therefore, the high level of peptide hormones after ICH further aggravates neuronal damage through enhancing ATP concentration. Then, active phagotrophose of microglia might be triggered by profuse cellular debris from neuronal death [52] [53] [54] . Thus, this might be the reason why phagocytic vesicle membrane has the third highest score.
G-protein-coupled receptor activity correlates with functional outcomes
GO analysis showed that the top three functions of downregulated genes were associated with G-protein-coupled receptor activity, signaling receptor activity, and transmembrane receptor signaling activity. These results generally indicate that the signaling transduction activity gradually goes to moderate in this stage, which is confirmed by a group of evidence. Proteinase-activated receptor 1 (PAR-1) is a kind of G-protein-coupled receptor. Thrombin released from hematoma after ICH plays its role mediated by activating PAR-1. The level of thrombin starts to increase 1 day after ICH, reaches its peak at approximately 3 to 7 days, and then experiences a slow decrease [55] . Our study is in agreement with the aforementioned expression trend of thrombin (unpublished data). As a result, nearly no thrombin is left at day 21 to activate PAR-1. Vascular endothelial growth factor receptor-2 (VEGFR-2) is a type III transmembrane receptor. VEGF binding to VEGFR-2 leads to the receptor autophosphorylation (activation), which initiates several downstream signalings [56, 57] . However, as the protein level of VEGF decreases 7 to 14 days following ICH, the p-VEGFR-2 signaling becomes weaker and weaker [58] . In the present study, lncRNA and mRNA network analysis is employed to identify interactions between aberrantly expressed lncRNAs and mRNAs. Our co-expression network is established based on the five validated aberrantly expressed lncRNAs and the 205 targeted mRNAs. The results showed that the co-expression network consisted of 210 network nodes and 298 connections. We also found that lncRNA XR_597664 interplays with 108 mRNAs; lncRNA lncRNA XR_351843 is correlated with 88 mRNAs; and XR_340615 is correlated with 72 mRNAs. Among these target mRNAs, Apex2l1 shows a positive relationship with XR_597664 with a PCC of 0.999. Apex2l1 is demonstrated to be involved in the DNA base repair pathway, which participates in repairing apurinic/apyrimidinic sites of DNA after oxidation damage [59] . This result is in accordance with our KEGG analysis (see online suppl. material, Suppl. data). In addition, Apex2l1 also plays a critical role in inflammatory response following impairment [60, 61] .
Conclusion
In conclusion, this is the first study that identified the differential expression patterns of lncRNAs and mRNAs in ICH rat brains. Through the relevant analysis, we find that impaired olfactory transduction, overactive energetic metabolism, and reduced G-protein-coupled receptor activity may be involved in the sequelae following ICH. These dysregulated lncRNAs and mRNAs may be the promising therapeutic targets to overcome obstacles to functional recovery following ICH.
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